In the Rh blood group system, the RHD gene is bordered by two homologous DNA sequences called the upstream and downstream Rhesus boxes. The most common cause of the D-phenotype in people of European descent is a deletion of the RHD gene region, which results in a hybrid combination of the two Rhesus boxes. PCRbased testing can detect the presence or absence of the hybrid box to determine RHD zygosity. PCR hybrid box testing on fathers can stratify risk for haemolytic disease of the fetus and new born in mothers with anti-D antibodies. Red blood cells and genomic DNA were isolated from 37 individuals of European descent undergoing whole genome sequencing as part of the MedSeq Project. A whole genome sequence-based RHD sequence read depth analysis was used to determine RHD zygosity (homozygous, hemizygous, or null states) with 100% agreement (n=37) when compared to conventional RhD serology and PCR-based hybrid box assay.
Introduction
The Rh blood group system consists of the two homologous genes RHD and RHCE. The RHD gene controls the expression of the RhD protein, which contains numerous extracellular epitopes comprising the D antigen [1] . Individuals who lack the RhD protein and hence the D antigen can form anti-D antibodies. The RHD gene is surrounded by two homologous 9,000 bp regions called the Rhesus Boxes, which are 4,900 bp upstream and 104 bp downstream of RHD [2] . The most common cause of the D-phenotype in persons of European descent is deletion of the RHD gene due to a recombination event between of the upstream and downstream Rhesus boxes. This recombination results in a hybrid box sequence comprised of the 5' part of the upstream box and the 3' part of the downstream box [2] .
The presence or absence of the hybrid box can be detected using DNA PCR methods. The hybrid box is present in individuals who are RHD hemizygous (e.g. deletion of one copy of the RHD gene) and RHD null (e.g. D-due to deletion of both copies of the RHD gene). Several different PCR-based assays are currently used to detect the hybrid box. Most of these methods depend on small differences between sequences of the 5' upstream region and 3' downstream region of the Rhesus boxes. However, the hybrid box PCR assay is not always reliable and requires that the hybrid box region does not subsequently mutate or recombine again. This assay can be falsely negative due to ethnic variations in the hybrid box sequences, or falsely positive due to other gene conversion events involving only one of the Rhesus boxes without RHD deletion (e.g. DAU-1; DIII type 4) [3] .
Because of the potentially severe adverse consequences associated with hemolytic disease of the fetus and newborn (HDFN), it is important to be able to accurately determine the presence or absence of the RHD gene in pregnancies in which a D− woman has formed anti-D antibodies. If the father is D+, serologic testing cannot distinguish whether he is homozygous (two copies of the RHD gene), or hemizygous (only one copy). Children of RHD homozygous fathers have a 100% chance of being D+, but only 50% if the father is RHD hemizygous [2] . Therefore, RHD zygosity determination by DNA PCR testing of the father to predict probability of D+ fetus can help stratify the HDFN risk in D-mothers with anti-D antibodies [4] .
The application of next generation sequencing (NGS) to clinical testing has enabled the field of precision medicine [5] [6] [7] [8] . We recently demonstrated the feasibility of comprehensively predicting all molecularly understood RBC antigens using NGS based Whole Genome Sequencing (WGS) data [9] as part of the MedSeq Project [10] . It is well established that gene copy number can be calculated from WGS data using many different methods such as split read detection and read depth analysis [11] . However, we are unaware of any previously published studies describing the use of WGS analyses for determining RHD zygosity. Two main approaches split read detection and read depth analysis are used for zygosity determination by WGS. In split read detection, copy number changes are detected by looking for sequence reads in which one of the paired-end reads does not align to the nearby reference genome sequence, indicating the presence of a DNA recombination breakpoint. In read depth analysis, the number of sequences that align to different regions in the reference genome are compared, looking for regions with increases or decreases of aligned reads, which can reflect changes in copy number. Here, we report that although it was not possible to find Rhesus box split reads in WGS of D− individuals, it was possible to use read depth analysis from WGS data to correctly determine RHD homozygous, hemizygous, and null states.
Materials and Methods

RBC serology
Traditional RBC serologic antigen testing was performed according to standard blood banking practices in the Brigham and Women's Hospital Blood Bank [9] . Peripheral blood from participants in the MedSeq study [10] was collected in EDTA tubes, and RBCs were isolated by centrifugation. A commercially available serologic monoclonal anti-D typing reagent [Bio-Rad, Hercules, CA], was used to type for the D antigen. Fifty microliter samples of washed RBCs were incubated with the typing reagent, centrifuged, and visually examined for agglutination.
Hybrid box assay
The hybrid box assay was performed according to previously published methods [12] . Briefly, allele-specific PCR was carried out using primers designed to amplify a product of 1,507 bp within the hybrid box sequence. PCR products were visualized by agarose gel electrophoresis with ethidium bromide staining.
Whole genome sequencing
WGS was performed by the CLIA-certified, CAP-accredited Illumina Clinical Services Laboratory (San Diego, CA) using pairedend 100 base pair (bp) reads on the Illumina HiSeq next generation sequencing (NGS) platform and sequenced to at least 30x mean coverage [13] . The genomic data from the MedSeq Project has been submitted to the dbGaP website. Sequence read data was aligned to the human reference sequence (GRCh37/hg19) using Burrows-Wheeler Aligner 0.6.1-r104 [14] .
Whole Genome Sequence Based Rh Copy Number Determination
The Integrative Genomics Viewer [15] was used to visually inspect the WGS alignments for the Rhesus box regions expected to contain the hybrid box split read products and to visualize the read depth of coverage across the entire RHD gene and surrounding Rhesus boxes. Sequencing coverage values were extracted from the alignment file using BEDTools v2.17.0 [16] . Based on the breakpoint regions, the extracted coverage values were put into three bins upstream +10,000 bp upstream (chr1:25,580,018-25,593,111), RHD deletion region (chr1:25,593,112-25,660,343), and downstream (chr1:25,660,344-25,673,439). The average coverage value was then calculated for each bin followed by a calculation of the RHD copy number using: On this scale, two copies of RHD should result in a value of 2(1.6-2.5), hemizygous a value of 1(0.6-1.5), and RHD null as a value of 0(0-0.5).
Results
Study overview
With approval from the Partners HealthCare Human Research Committee (IRB), samples for RBC and genomic DNA isolation were collected from 37 individuals of European descent who had WGS through participation in the MedSeq Project [10] . The WGS results were analyzed to see if it was possible to determine RHD zygosity using only the WGS data. Serologic D typing followed by PCR-based hybrid box assays were used to confirm the RHD zygosity as either homozygous, hemizygous, or null.
The serologic testing results were known at the time of WGS analysis for the first 15 cases (14 D+ and 1 D−), follow by blinded WGS analysis for the last 22 cases (12 D+ and 10 D−). The PCR hybrid box assay was performed after WGS analysis and was thus blinded in all cases. In all cases, the serologic testing, PCR hybrid box assay, and WGS analysis were performed by different individuals.
Hybrid box split read detection
As shown in Figure 1 , the human reference genome coordinates of the Rhesus boxes and the hybrid box breakpoint were manually determined using the Integrative Genomics Viewer to identify the published box sequences (upstream box: AJ252311 and downstream box: AJ252312) [2] .
This approach revealed a loss of sequence read depth of coverage right after the upstream Rhesus box and before the downstream Rhesus box in a D− individual (Figures 2A and 2B) . However, there were no hybrid box split reads at either the upstream or the downstream breakpoint locations. This finding was later confirmed in three more D− individuals. 
WGS based read depth coverage RHD zygosity determination
Since hybrid box split reads could not be directly found, sequence read depth of coverage analysis was performed. In the first 15 cases, it was found that D+ individuals displayed two distinct patterns of coverage over RHD and its upstream and downstream regions:
1. Those with noticeable but not complete absence in coverage (~15x) over RHD ( Figure 2C ) and, 2. Those with no change in coverage (~30x) over RHD ( Figure 2D ). Conventional hybrid box PCR confirmed that the difference between the two D+ coverage patterns reflected RHD copy number changes due to hemizygosity ( Figure 2C ) or homozygosity ( Figure 2D ). To more rigorously evaluate the above coverage patterns, an average sequence depth of coverage was calculated for RHD and each Rhesus box region for all 37 individuals This revealed three patterns of coverage that were used to visually estimate RHD zygosity (Figure 3 ):
1. no RHD coverage (null), 2. partial loss of RHD coverage (hemizygous), 3. no change in RHD coverage (homozygous).
In order to automate the WGS-based RHD zygosity determination, the above read depth differences were used as the basis for an RHD copy number calculation that was performed on the 37 individuals (Figure 4) . There was 100% agreement between the WSG read depthbased RHD copy number determination approach and the conventional RhD serology and hybrid box PCR. The RHD copy number was calculated using the WGS data and normalized to the gene copy number such that the calculation is homozygous (copy number 1.6-2.5), hemizygous (copy number 0.6-1.5), 1, and null (copy number 0-0.5). The results are in three groups based on the RHD zygosity as determined WGS analysis and confirmed by a combination of serology and PCR hybrid box assay. Each dot represents a single patient with a line representing the mean and with bars showing the 95% confidence interval. There was statistical significance between the three groups with no outliers or overlapping copy number values.
determine RHD zygosity when compared to conventional serologic typing and hybrid Rhesus box PCR results.
We found that hybrid box split read analysis using WGS data failed to reliably allow zygosity determination of the RHD gene. This was not surprising given the known high degree of sequence homology between the Rhesus boxes. A consequence of this homology, is that with split read analysis it is impossible to precisely determine the exact breakpoint of the hybrid box; at best, this approach narrows the breakpoint location to within an approximately 900 bp region of 100% sequence identity. WGS data is comprised of short read (100 bp pairedend read) sequences. Thus, it is not possible to find a single hybrid sequence read with sequences specific to the upstream and downstream Rhesus boxes such a read would need to span the entirẽ 900 bp region. Conventional hybrid box PCR assays work because they can detect the presence of recombined upstream and downstream specific hybrid box sequences using PCR primers separated by 1,000-9,000 bp [4, 12] . In the future, it might be possible to perform WGS-based detection of hybrid box split read sequences using 4 th generation sequencing technologies that produce sequence reads that are several kilobases long [17] .
However, even with short read sequences, sequence read depth of coverage evaluation was 100% accurate (n=37), and therefore provides a simple and easy method to determine RHD zygosity using WGS data. Conventional, hybrid box PCR based detection assays can be unreliable in individuals with variant Rhesus box sequences, most notably in those of African descent, but problems have also been reported in those of European descent [4] . In such situations, a more technically demanding hybrid box assay or quantitative RHD amplification compared to amplification of a control gene must currently be performed to properly determine zygosity [3, 18] . Since the WGS sequence read depth of coverage approach is not based on detecting the hybrid box sequence, we speculate that it would still work in individuals with variant Rhesus boxes. In addition, the same WGS data should also be usable to detect other D− molecular mechanisms such as the RHD pseudogene in individuals of African descent. In summary, WGS based RHD evaluation has the potential to serve as a universal RHD zygosity determination assay in all ethnic groups.
In the future, it is likely that many individuals will have existing WGS as part of precision medicine initiatives. The RHD copy number calculation could routinely be used at low cost in anyone undergoing WGS. As such, a father's RHD zygosity would already be available to aid in the risk stratification and counseling for HDFN in sensitized D− mothers.
